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ABSTRACT: The disease caused by SARS-CoV-2, coronavirus disease 2019 (COVID-19), has led
to a global pandemic with tremendous mortality, morbidity, and economic loss. The current lack of
effective vaccines and treatments places tremendous value on widespread screening, early detection,
and contact tracing of COVID-19 for controlling its spread and minimizing the resultant health and
societal impact. Bioanalytical diagnostic technologies have played a critical role in the mitigation of
the COVID-19 pandemic and will continue to be foundational in the prevention of the subsequent
waves of this pandemic along with future infectious disease outbreaks. In this Review, we aim at
presenting a roadmap to the bioanalytical testing of COVID-19, with a focus on the performance
metrics as well as the limitations of various techniques. The state-of-the-art technologies, mostly
limited to centralized laboratories, set the clinical metrics against which the emerging technologies
are measured. Technologies for point-of-care and do-it-yourself testing are rapidly emerging, which
open the route for testing in the community, at home, and at points-of-entry to widely screen and
monitor individuals for enabling normal life despite of an infectious disease pandemic. The
combination of different classes of diagnostic technologies (centralized and point-of-care and relying
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on multiple biomarkers) are needed for effective diagnosis, treatment selection, prognosis, patient monitoring, and epidemiological

surveillance in the event of major pandemics such as COVID-19.

KEYWORDS: COVID-19, SARS-CoV-2, COVID-19 testing, COVID-19 diagnostics, point-of-care diagnostics, nucleic acid testing, PCR,

isothermal amplification, CRISPR, antigen/antibody testing

he global transmission of the coronavirus disease 2019

(COVID-19), the disease caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has
caused significant mortality and morbidity and has imposed
numerous healthcare, economic, and resource challenges. As of
September 15, 2020, there were more than 29 million
confirmed cases attributed to COVID-19 globally." A unique
challenge of this particular disease lies in the contagiousness of
undetected asymptomatic, presymptomatic, and mild cases
that further its spread.z’3 Furthermore, COVID-19 symptoms
are broad and comparable to other viral respiratory diseases
such as the common cold or influenza, making its clinical
diagnosis challenging.* Given the unavailability of vaccines or
highly effective treatments to date, screening, early diagnosis,
continuous surveillance, and epidemiological contact tracing
are the critically needed strategies for containing the spread of
COVID-19 and mitigating its profound impact on global
health and economy. Effective diagnostic technologies are
foundational to the above-mentioned COVID-19 pandemic
mitigation strategies and will be the focus of this Review.

We will initiate this Review by highlighting the importance
of the type and time-point of specimen collection, as this
greatly affects the clinical sensitivity and specificity of testing.
We will review the current state-of-the-art diagnostics
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technologies and identify the emerging devices, concepts,
and approaches that can improve COVID-19 diagnostics. The
current state-of-the-art COVID-19 diagnostic technologies
form a benchmark against which the emerging technologies
are evaluated. For this purpose, we summarize and analyze
their performance metrics such as limit-of-detection (LOD),
clinical sensitivity, clinical specificity, and analysis time.

We categorize the COVID-19 tests based on the type of
analyte being investigated, viral RNA, viral antigens, antibodies,
and other biomarkers that are indirectly affected in the human
body in the presence of the virus. The advantages and
disadvantages of each of these test categories are discussed, and
it is identified that the combination of data obtained from
multiple tests is needed for advancing capabilities in disease
diagnosis, prognosis, and treatment selection, as well as vaccine
and treatment development.
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Figure 1. Conceptual schematic of conventional and POC diagnostic test workflow. In the conventional method, the collected specimen is
transported to a centralized laboratory for the nucleic acid test, typically performed using polymerase chain reaction (PCR). In the POC methods,
the molecular and serological tests are conducted on-site. In case of the colorimetric nucleic acid tests, the assays can be read using a smartphone
application and communicated wirelessly to a healthcare professional. Lateral flow immunoassay results can be read visually by patients.

Following the review of the state-of-the-art, we critically
review the emerging point-of-care (POC) diagnostic platforms
in each category that can be operated at the place and time of
need, without reliance on laboratory technicians, and at a low
cost. These devices offer great potential for complementing the
currently available tests that are based on specimen collection,
transport, and centralized testing and allow for rapid screening,
home testing, and self-monitoring (Figure 1). If effectively
used and integrated within the healthcare system, these POC
tests are expected to expedite sample-to-result times, enable
widespread decentralized testing that is accessible to the public
at home and people in remote and resource-poor settings,
increase the overall test rates, and allow for the effective
mitigation of the viral spread and the uninterrupted opening of
the economy.” We finally review the emerging role of artificial
intelligence (AI) in analyzing the large influx of data generated
from various diagnostics technologies to improve COVID-19
management.

B SAMPLE COLLECTION AND PREPARATION

SARS-CoV-2 is detected in a variety of samples such as feces
(viral titer: 1 X 107 copies/mL),6 urine (viral titer: 1 X 107
copies/mL),”® saliva (viral titer: 5 X 10* copies/mL),” upper
respiratory tract (viral titer: 10°~10° copies/mL) samples
(pharyngeal swabs, nasal swabs, nasal discharges), and lower
respiratory tract (viral titer: 10*~10” copies/mL) samples
(sputum, airway secretions, bronchoalveolar lavage fluid)."’
The antibodies generated in response to active infection are
found in blood (IgG: 0.43—187.82 and IgM: 0.26—24.02
(chemiluminescence values divided by the cut-off))'' and
analyzed in serological testing.

For in vitro diagnostics of COVID-19, the commonly used
specimens are upper respiratory nasopharyngeal (viral titer:
1.69 X 10° copies/mL)'” and oropharyngeal (viral titer:
7.99 x 10* copies/mL)"” specimens, nasal midturbinate (viral
titer: 1 X 10° copies/mL)"” samples (collected using a flocked
tapered swab), anterior nares (viral titer: 10> copies/mL)"*
samples (using a flocked or spun polyester swab), and nasal

wash/aspirates (viral titer: 10* copies/mL)."”"* Nasopharyng-
eal specimens are most widely used due to the ease of
collection, high viral load, and sample stability during
transportation and storage.”” Among these, only anterior
nares swabs may be currently attained via home self-collection
according to the Centers for Disease Control and Prevention
(cpe).””

Saliva, feces, and urine are non-invasive samples, which are
ideally suited for use in the emerging POC COVID-19 tests
that require self-collection.'® Saliva has been successfully used
for the detection of respiratory viruses including COVID-
19,"°7'® and recent results demonstrate that SARS-CoV-2 can
be detected in saliva at high titers.” Although faecal samples
contain a high concentration of viral nucleic acids, the presence
of interfering species (inhibiting enzymes and proteins for
nucleic acid amplification) and the difficulty of RNA
extraction, make the use of this specimen challenging for the
diagnosis of COVID-19.” In spite of its noninvasive nature,
urine contains a low viral load and at this point, it cannot be
used reliably for detecting SARS-CoV-2.”

In addition to the sample type, the time-point at which the
sample is collected influences the clinical sensitivity of
COVID-19 testing. In mild cases, the patients exhibit higher
viral loads in the first week of infection, which gradually
decreases with the onset of symptoms; however, patients with
serious conditions have higher viral titers and longer virus
shedding, which lasts for more than 3 weeks.'”"” Analyzing
SARS-CoV-2 in saliva using nucleic acid amplification assays
(e.g., real-time reverse transcription-polymerase chain reaction
(rRT-PCR)), at the onset of the illness, can produce false-
negative results, necessitating follow-up testing using respira-
tory samples. Respiratory viral shedding peaks at 3—5 days (in
mild to medium cases) following the disease onset, indicating
the importance of follow-up testing after an initial negative
result demonstrated in a suspected patient.”
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B VIRAL NUCLEIC ACID TESTS

Given the lack of symptoms that specifically distinguish
COVID-19 from other respiratory infections, clinicians
currently primarily rely on nucleic testing and computed
tomography (CT) for evaluating and diagnosing this
disease.””" This Review is focused on the bioanalytical
technologies, systems that analyze specific biomarkers in
patient samples, for COVID-19 testing. The CT-based
COVID-19 tests have been reviewed elsewhere.”"**

PCR. Among nucleic acid tests, RT-PCR continues to be the
gold standard for diagnosing COVID-19.* In this method,
viral RNA is converted to complementary DNA (cDNA) using
reverse transcription, with distinct regions of the cDNA
subsequently amplified using PCR.**** Corman et al. reported
the first validated RT-PCR protocol for detecting COVID-19,
where a number of SARS-related viral genome sequences were
examined.”® Of these sequences, two sites comprising of
conserved sequences were chosen for the performance
evaluation of the protocol: the RNA-dependent RNA polymer-
ase (RARP) gene and the envelope protein (E) gene. In this
study, in vitro transcribed RNA standards that precisely
matched the sequence of SARS-CoV-2 were created to assess
the limit of detection (LOD); the RdRP and E genes assays
presented a LOD of 3.6 and 3.9 copies/reaction, respectively.
To evaluate the clinical specificity, 297 clinical specimens from
patients with pre-existing respiratory diseases were examined
that contained a wide range of viruses (such as HCoV-HKU]1,
MERS-CoV, Influenza A and B, etc.) at various concentrations
(10°-10' RNA copies/mL). No cross-talk with other
respiratory viruses and no false positives were reported
(100% clinical specificity);**” however, the clinical sensitivity
was not addressed in this work. Corman et al. suggested a
three-step workflow (first line screening, affirmation of results,
and the use of biased tests) for the optimized diagnosis of
SARS-CoV-2. First line screening is implemented to identify all
SARS-related viruses by targeting several regions of the E gene.
Following positive testing, the RARP gene is detected using two
different primers and Taqman probes, and subsequent biased
tests are performed utilizing one of the two probes sequences
(RARP 1: FAM(6-carboxyfluorescein)-CCAGGTGGWACR-
TCATCMGGTGATGC-BBQ (blackberry quencher) or RdRP
2: FAM-CAGGTGGAACCTCATCAGGAGATGC-BBQ).*
A number of commercially available COVID-19 RT-PCR
test kits have been approved by Emergency Use Authorization
(EUA). These are summarized in Table S1.

Conventionally, RT-PCR is performed using lab-scale
instrumentation at centralized laboratories. Such centralized
tests result in long turnaround times (~24—72 h)**—
associated with sample transport, analysis, and reporting—
rely on highly skilled technicians, are not accessible to remote
and resource-poor areas due to the high cost of instrumenta-
tion and operation, and are not suitable for frequent testing at
the POC.2?7% I response, the advancements made over the
past few decades in developing miniaturized PCR technolo-
gies’"*” have been rapidly applied to COVID-19 testing. Mesa
Biotech has recently developed Accula SARS-CoV-2, a U.S.
Food and Drug Administration (FDA)-approved handheld
nucleic acid test for detecting COVID-19 (Table S1). This
system qualitatively detects viral RNA in 30 min by combining
RT-PCR with a lateral flow assay. To conduct the test, nasal or
throat samples are diluted in the test buffer and dispensed into
a test cassette. The lysis of the virus, reverse transcription of

viral RNA to cDNA, amplification, and detection steps all
occur within the cassette. The test cassette is then inserted into
the Accula Dock, an automated control panel, which regulates
reaction temperatures, timing, and fluid flow. After 30 min, the
test results are visualized as blue bands on the detection strip in
the cassette. The LOD of the Accula SARS-CoV-2 test was
determined to be 200 copies/reaction in human clinical
matrices (reaction volume: 60 uL). For clinical evaluation of
the Accula SARS-CoV-2 test, first, 30 confirmed negative
clinical specimens were tested, which resulted in 100% clinical
specificity. Next, the negative samples were spiked with SARS-
CoV-2 RNA at the concentrations of 400 copies/reaction (2 X
LOD), 1000 copies/reaction (5 X LOD), 2000 copies/
reaction (10 X LOD), and 10000 copies/reaction (50 X
LOD). The specimens were then randomized for the Accula
SARS-CoV-2 test. The test results revealed 100% agreement
with the expected outcomes (100% clinical sensitivity).”** In
addition, the cross-reactivity of the Accula SARS-CoV-2 test
was evaluated by examining 32 potentially cross-reacting
organisms (such as Adenovirus, HCoV-HKU1, MERS-CoV,
SARS-CoV, Influenza A and B, Escherichia coli, Klebsiella
pneumoniae, etc.) in negative throat and nasal swabs. None of
the 32 organisms cross-reacted with the test, and no false
positives were generated.”* There are some limitations
associated with the Accula SARS-CoV-2 test. As with all
PCR tests, this system is prone to false negatives due to the
presence of PCR inhibitors or contamination as well as due to
issues with specimen collection, storage, or transportation.
Therefore, negative test results do not completely rule out the
viral infection and should be interpreted in conjugation with
other diagnostic tests or clinical assessment. In addition, this is
a qualitative test and does not provide any information on the
viral loads.”*

Cepheid (Sunnyvale, CA) has introduced a recent FDA-
approved EUA rapid POC test, Xpert Xpress-SARS-CoV-2
(Table S1) that utilizes an automated real time RT-PCR
system to amplify and qualitatively detect the N-genes and E-
genes of the virus in the upper respiratory samples. In this
device, sample preparation, rRT-PCR amplification, and RNA
detection are performed using a single benchtop system
(width: 11.5”, height: 18.25", depth: 17”). This system allows
multiple specimens (up to four) to be analyzed simultaneously,
yielding a turnaround time of 45 min.>> Based on
manufacturing data submitted to EUA, Xpert Xpress SARS-
CoV-2 exhibited an LOD of 7S copies/reaction (250 copies/
mL). The clinical sensitivity and specificity of the Xpert Xpress
SARS-CoV-2 test were determined using spiked clinical
nasopharyngeal swab samples obtained from individuals with
symptoms of respiratory tract infection. The negative
nasopharyngeal swabs were identified prior to spiking and
verified with the Xpert Xpress SARS-CoV-2 test (clinical
specificity of 100%). The negative samples were then spiked
with SARS-CoV-2 virus at 150 copies/reaction (2 X LOD),
225 copies/reaction (3 X LOD), and 375 copies/reaction (S X
LOD) concentrations. The test results revealed a clinical
sensitivity of 100%.” In addition, Smithgall et al. performed a
clinical evaluation of Xpert Xpress-SARS-CoV-2 in comparison
with the RT-PCR-based cobas assay (6800 platform, Roche
Diagnostics, Indianapolis, IN). A total of 113 nasopharyngeal
swabs from patient samples were tested, including 88 positive
samples, representing the full range (14—38 cycles) of cycle
threshold (C,) values observed on the cobas assay. High and
medium viral concentrations were defined as C, < 30, whereas
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Figure 2. LAMP-based detection systems. (A) General mechanism of LAMP (reprinted with permission from ref 46 under the Creative Commons
License (Attribution 4.0 International, http://creativecommons.org/licenses/by/4.0/), Copyright 2020 RNA Society). (B) Specificity and
sensitivity comparison between Direct swab-to-RT-LAMP and Hot swab-to-RT-LAMP (Reprinted with permission from ref 5S. Copyright 2020

American Association for the Advancement of Science).

C, > 30 represented low viral loads. After testing all of the 113
patient samples, the overall clinical sensitivity and specificity of
Xpert Xpress COVID-19 were determined as 98.9% and 92%,
respectively. For C, < 30, Xpert Xpress COVID-19 was able to
accurately detect the viral RNA in every sample (clinical
sensitivity of 100%), while for C, > 30, the clinical sensitivity
was reduced to 97.1%.%° Despite all the advantages offered by
Xpert Xpress COVID-19 test in terms of speed, portability and
accuracy, improper sample collection and handling can still
lead to false negative results, requiring trained healthcare
professionals for performing the full assay from specimen
collection to analysis.

Although RT-PCR is the gold standard for diagnosing
COVID-19, it has several limitations. Like all other RNA-based
strategies, this method is susceptible to false negatives
stemming from errors in sample collection (collection site
and time of sample acquisition), poor specimen handling
during viral RNA extraction, existence of PCR inhibitors in
poorly treated specimens, diversity in viral load among
patients, and varying operating procedures or LODs between
different RT-PCR Kkits. Therefore, negative test results do not
fully dismiss the possibility of the viral infection and need to be
interpreted in combination with the individual’s medical
record, clinical symptoms, and other diagnostic test results
such as CT scan of the chest.”” Moreover, the majority of the
RT-PCR tests require RNA extraction and purification before
reverse transcription and PCR amplification. Although these
sample preparation steps are often automated, they add to the
instrument complexity and the number of required reagents.
The development of testing platforms capable of direct
specimen analysis with minimized and simplified sample
processing is critically needed for use at the POC.*” During
the COVID-19 pandemic, the shortage of RT-PCR reagents
including RNA extraction kits (QIAGEN QIAamp Viral Mini
Kit, QIAGEN EZ1 Virus Mini-Kit, Roche MagNA Pure nucleic
acid kit) and synthetic oligonucleotides has also been a critical
concern.”®™*" In the United States, faulty reagent manufactur-

ing combined with a bottleneck distribution process through
CDC’s International Reagent Resource (IRR) and increased
consumption of reagents following the implementation of a
dual specimen testing requirement have led to these short-
ages.”’ The next section discusses the COVID-19 diagnostic
techniques that have been implemented to diversify testing
methods and address the shortcomings of RT-PCR.

Isothermal Amplification. Isothermal amplification meth-
ods have been developed to replace the thermal cycling steps
needed in PCR to simplify, lower the cost of, and reduce the
footprint of PCR platforms.*” Isothermal amplification
techniques including loop-mediated isothermal amplification
(LAMP),* nucleic acid sequence-based amplification
(NASBA),*” transcription-mediated amplification (TMA),**
rolling circle amplification (RCA),* and recombinase
polymerase amplification (RPA)*® have been used for
developing COVID-19 diagnostic tests (Table S2).

A prominent example of an isothermal amplification-based
POC COVID-19 detection is the ID NOW COVID-19 assay
(FDA-EUA designated) developed by Abbott (Table S1),
which detects the presence of the RdRp gene in nasophar-
yngeal swab specimens. The ID NOW COVID-19 test begins
with the insertion of a sample receiver and a base tube into the
ID NOW instrument. The sample is introduced to the receiver
that contains a lysis/elusion buffer and is then transported to
the base tube via a transfer cartilage to initiate target
amplification. Fluorescently labeled molecular beacons are
then used to identify the amplified RNA targets. This system
exhibited a rapid turnaround time of 5 min for positive results
and 13 min for negative results. Based on the manufacturing
data, ID NOW COVID-19 possesses an LOD of 125 copies/
mL or 25 copies/reaction (calculated from the recommended
reaction volume for the ID NOW instrument; the actual
reaction volume was not reported). The clinical performance
of the device was determined using 30 contrived nasophar-
yngeal swabs collected from individuals with respiratory
symptoms. The test samples were prepared by spiking the

https://dx.doi.org/10.1021/acssensors.0c01377
ACS Sens. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01377/suppl_file/se0c01377_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01377/suppl_file/se0c01377_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01377?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01377?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01377?fig=fig2&ref=pdf
http://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acssensors.0c01377?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01377?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

(A)
" N v
I * 1 rRNA Target 6 — m DNAT .
P .
il 2 o W
[ -
L e
+ 7%‘\””““ T RT— 12
3y ONA I 2 )
L BRNA 100-1000 copies RNA amplimer
RNAse H 8 ,
Activities ——————————— RNAseH; 1
4 DNA ‘ Activities
* C o [ 10
- AT O
5 ﬂ Primer 2
<« RT Primer 2 -
(B) COVID RNA |
Hybridizati Barcode 1
ybridization —==
| \
Reverse
Transcription | \ Patients
RNase H WEETr bspeci;ic
i i - arcodes
Dlgesuon Barcode 2 l \ Jmmmmmemeeemeeememe—a——- ,
Hybridization N— / : Sequencing adapter 1

i

NS
E,:

1
Complimentary . N
DNA synthesis g NS
| Sequencing adapter 2
— O o) () om0 ) (s (= e 1
Hybridization \ - \ l
Reverse  \____} | Hybridization | —\
Transcription l_— \\ .
izl N e I Complin:ntary N
Digestion L JpNna synthesis

Stage 1: Quick Decentralized Readout

== Positive
—

Stage 2: Massively parallel next generation sequencing

/ \ patient 2
Positive Negative patient 3
patient 4
Lateral Flow Assay Portable Fluorescence Detector

z .
One step { J /\
PCR —_
e — 4

Figure 3. TMA and NASBA. (A) TMA and NASBA share the same mechanism; NASBA employs RNase H to degrade the initial RNA. TMA
utilizes RT-DNA polymerase that has intrinsic RNase H activity in TMA (Reprinted with permission from ref 58. Copyright 2004 Elsevier). (B)
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nasopharyngeal swabs matrices with extracted viral RNA
containing target sequences from the SARS-CoV-2 genome.
At target concentrations of 50 copies/reaction (2 X LOD) and
125 copies/reaction (S X LOD), the device showed a clinical
sensitivity of 100%. The clinical specificity of the test was
evaluated using negative nasopharyngeal samples, which
resulted in a 100% negative agreement value.*”** The
manufacturer did not evaluate the performance of the device
using real patient specimens; however, Smithgall et al
evaluated the clinical performance of ID NOW in comparison
with the RT-PCR-based cobas assay using 113 patient samples
(nasopharyngeal swabs). The overall clinical sensitivity and
specificity of ID NOW were determined to be 73.9% and
100%, respectively. For C, < 30, ID NOW was able to
accurately detect the viral RNA in all the samples (clinical
sensitivity of 100%), while for C, > 30 it was unable to detect

the RNA in most of the specimens (clinical sensitivity of
34.3%).% The high false-negative rate of ID NOW COVID-19
at low viral concentrations was also reported in other
#39 Despite a rapid turnaround time, this platform
offers low throughput as it only analyzes a single sample at a

studies.

time.

LAMP. LAMP, the most commonly used one-step
isothermal amplification method, employs four to six primers
to identify six to eight distinct regions of target DNA for a
highly specific amplification reaction. In this process, Bst DNA
polymerase mediated strand displacement elongates target
nucleotides into stem loop structures containing up to 10°
copies of the target sequence, in under 1 h (Figure 2A).>' ™
This particular technique is often combined with a reverse
transcription step (RT-LAMP) to detect RNA targets.54
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Yu et al. reported an RT-LAMP-based diagnostic platform
for COVID-19, referred to as iLACO, that colorimetrically
detects SARS-CoV-2 with an LOD of 2,000 copies/reaction in
20 min. The clinical sensitivity of the LAMP assay was
determined to be 89.9% using 248 clinical samples; however,
the authors did not evaluate the clinical specificity of the assay.
Although this method uses one step isothermal amplification, it
still requires an extra sample preparation step for viral RNA
extraction.’® Thi et al. developed another colorimetric LAMP
assay for detecting SARS-CoV-2 (swab-to-RT-LAMP) that did
not necessarily use RNA extraction, demonstrating an LOD of
Ct < 30 that corresponds to 1000 copies/reaction (80 X 10°
copies/mL). The RT-LAMP assay was evaluated using 768
pharyngeal swabs from positive pretested clinical samples. The
clinical performance of the RT-LAMP with processed samples
(RNA extraction) yielded a clinical sensitivity of 97.5% and a
specificity of 99.7%. The group then evaluated the RT-LAMP
assay without sample processing (direct-swab-to-RT-LAMP
using 235 aliquots from 131 clinical samples) and using a S
min heating step at 95 °C prior to amplification (hot-swab-to-
RT-LAMP using 343 aliquots from 209 clinical samples),
which indicated a loss in performance when eliminating RNA
extraction (Figure 2B).>> The limitation of the Swab-to-RT-
LAMP test is in its low sensitivity at high C, values when
unpurified samples are used. However, Swab-to-RT-LAMP
holds the potential for POC diagnostics due to its simple
operation.

A well-documented drawback in the use of colorimetric and
pH indicators in the detection of RT-LAMP amplicons is the
occurrence of nonspecific amplification and primer—primer
interactions that can generate a detectable signal in the absence
of the target; leading to false positives. The detection of
specific barcoded sequences (eg., by combining LAMP with
CRISPER) is reported to overcome this shortcoming.”’

NASBA and TMA. NASBA and TMA are two mechanis-
tically similar isothermal amplification methods (Figure 3A)
that first transcribe the target RNA into a double-stranded
RNA:DNA hybrid using reverse transcription. Following the
degradation of the RNA strand from the hybrid, cDNA strands
are generated, which are used to create antisense copies of the
original RNA target using T7 RNA polymerase.””>® NASBA
uses RNase H to degrade the initial RNA from the RNA-DNA
hybrid; however, TMA uses the reverse transcriptase for this
purpose.”” Gel electrophoresis, fluorescent probes, and
colorimetric assays are used to subsequently detect the
products of NASBA and TMA.%

Unlike PCR, NASBA yields single stranded RNA, which is
detected using probe hybridization without any denaturation
steps.”” NASBA offers a higher amplification efficiency
compared to PCR, which in turn reduces the overall error
frequency stemming from the lower number of amplification
cycles.”” Leveraging these advantages, Wu et al. designed an
Isothermal NASBA-Sequencing based High Throughput Test
(INSIGHT) for detecting SARS-CoV-2 RNA (Figure 3B). In
this method, complementary molecular beacons are added to a
part of the amplified sequence for the visualization of the
amplicons on a POC lateral flow assay. A proof-of-concept
lateral flow assay was demonstrated; however, the assay was
only validated using fluorescent readout in 12 saliva samples
spiked with synthetic RNA, through which an LOD of 10—100
copies/reaction (500—5000 copies/mL) was achieved in 2 h.
To assess the applicability of INSIGHT in clinical diagnostics,

it has to be validated, in its lateral flow configuration, using a
large number of clinical samples.®'

TMA has also been used in the developing COVID-19
diagnostic tests. Hologic’s “Panther Fusion” system (Table S1)
is able to simultaneously screen for COVID-19 and other
respiratory viruses using the same patient sample and
collection vial. The developed TMA-based Hologic Aptima
SARS-CoV-2 assay for the Panther fusion system is capable of
performing 1000 tests within 24 h, obtaining the first results in
3.5 h.*® Gorzalski et al. evaluated the Panther Fusion platform
in RT-PCR and TMA modes for COVID-19 detection using
116 previously evaluated clinical nasopharyngeal swabs. In
these modes, a higher clinical sensitivity (98.1% (52/53)
versus 96.2% (51/53) for RT-PCR) and lower LOD (5.5 X
10° copies/mL (1.98 X 10° copies/reaction) versus 5.5 X 10*
copies/mL (1.1 X 10* copies/reaction) for RT-PCR) were
obtained for TMA compared to RT-PCR.**

RCA. Rolling circle amplification (RCA) utilizes circular
DNA templates to hybridize with specific target sequences and
achieve amplification of 1000 fold (linear RCA) for a single
binding event (Figure 4). The DNA or RNA polymerase

Ligation template
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Figure 4. Schematic of the RCA mechanism (reprinted with
permission from ref 4S. Copyright 2014 Royal Society of Chemistry).

facilitates this amplification by adding dNTPs to a primer
annealed to the circular DNA template (formed by ligating the
padlock probe) producing repetitive sequences containing long
single stranded DNA or RNA sequences, which can be cleaved
using enzymes to produce several copies of the target DNA/
RNA fragments.** These fragments act as a feeder sequence to
bind to dye-labeled sequences for colorimetric detection on
lateral flow strips (LFS).*** Huang et al. developed an assay
for the colorimetric detection of SARS-CoV-2 using padlock
probe RCA, which detected the RCA product by analyzing
hydrogen ions released during the dNTPs addition in the
synthesis of DNA strands using a pH indicator. The LOD of
the assay was determined to be 2.5 pM (6 X 107 copies/
reaction or 1.5 x10° copies/mL) using the synthetic
glycoprotein gene for SARS-CoV-2 suspended 1n buffer with
analysis time of 30 min at room temperature * RCA is less
prone to errors and contamination due to the multiplication of
the original DNA target multiple times, as opposed to using
newly synthesized DNA as templates in PCR.**®® The RCA
assay developed here requires evaluation using clinical
specimens to further determine its clinical performance.

RPA. RPA differs from all the aforementioned isothermal
techniques as it employs recombinase and polymerase to
amplify target nucleic acids (Figure 5).*>°° RPA has the added
advantage of faster reactions (20 min) at lower temperatures
(37—42 °C) compared to other isothermal techniques such as
LAMP (60—65 °C), which makes it applicable to rapid POC
COVID-19 diagnostics.67 While currently not used for
COVID-19 testing in a standalone fashion, it has been used
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Figure S. Schematic of the RPA mechanism. The three core proteins,
recombinase, single-strand DNA binding protein (SSB), and
polymerase, enable DNA amplification at a low constant temperature
(37 °C) (Reprinted with permission from ref 66. Copyright 2014
PLOS).

Recombinase

in combination with CRISPR (CRISPR-FDS), which will be
described in the following section.®®

CRISPR. Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) is a genome editing tool developed in the
1980s, which is capable of cleaving all types of nucleic acid
targets (i.e., double or single stranded DNA and RNA) at
programmable sites.””’® CRISPR, segments of genetic material
(commonly found in prokaryotes) consisting of repeated short
sequences of nucleotides interspersed at regular intervals, and
CRISPR-associated proteins (Cas) are used in biosensing to
generate cleaved reporter sequences ensuing from site-specific
cleavage by the CRISPR/Cas complex.”” CRISPR/Cas systems
detect viral nucleic acids using a guided RNA strand composed
of two parts: crispr RNA (crRNA), a sequence complementary
to the target nucleic acid, and a tracer RNA, a binding scaffold
for the Cas nuclease. Following the guided recognition of viral
RNA, Cas can cause cleavage in two ways: (1) sequence
indiscriminate cleavage of ssDNA and (2) site-specific double
strand break (DSB) on target and nontarget nucleic acid
molecules in the vicinity of the Cas enzyme, producing single
stranded reporter nucleic acids (Figure 6A).”""* The cleavage
activity is subsequently leveraged to build reporter systems for
colorimetric/fluorescent readout in CRISPR diagnostics.73
Some of these Cas nucleases include Cas12”*”® and Cas13,”®
which have been employed for nucleic acid detection. Figure
6B demonstrates an overview of CRISPR-based nucleic
detection using Cas12 and Cas 13, followed by lateral dipstick
readout. A number of commercialized and emerging CRISPR-
based platforms for rapid detection of SARS-CoV-2 are listed
in Tables S1 and S2.

Specific High-sensitivity Enzymatic Reporter unLOCKing
(SHERLOCK)”® based on Cas 13 (RNA specific) and
HOLMES’ (one-HOur Low-cost Multipurpose highly
Efficient System)/ DETECTR*® (DNA Endonuclease-Tar-
geted CRISPR Trans Reporter) based on Casl2 (DNA
specific) have been developed for detecting viral nucleic
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